Spectral Reflectance Analysis of the Caribbean Sea  by Gómez, Raúl Aguirre
Geofísica Internacional (2014) 53-4: 385-398
385
Original paper
6SHFWUDO5HÀHFWDQFH$QDO\VLVRIWKH&DULEEHDQ6HD
Raúl Aguirre Gómez
Received: March 03, 2013; accepted: January 21, 2013; published on line: October 01, 2014
Raúl Aguirre Gómez
Laboratorio de Análisis Geoespacial
Instituto de Geografía
Universidad Nacional Autónoma de México
Circuito Exterior, Ciudad Universitaria
04510, México D.F., México
Corresponding author: raguirre@igg.unam.mx
$EVWUDFW
5HÀHFWDQFH VSHFWUDO FXUYHVZHUH DQDO\VHGE\
a derivative method. Derivative reflectance 
spectra revealed concealed peaks of both 
UHÀHFWDQFHDQGDEVRUSWLRQFXUYHVRI&DULEEHDQ
VHDZDWHU DQG HOHPHQWV FRQWDLQHG ZLWKLQ LW
5HIOHFWDQFH FXUYHV VKRZHG D SUHGRPLQDQW
blue colour (400-500 nm) characteristic of 
&DULEEHDQ ROLJRWURSKLF ZDWHUV FRQVSLFXRXV
peaks result from the optical properties of 
chlorophyll aDQGVHDZDWHU5HÀHFWDQFHFXUYHV
had a similar spectral response. This paper 
DQDO\VHVUHÀHFWDQFHVSHFWUDRIVXUIDFHVHDZDWHU
at 31 stations in the Caribbean Sea during the 
summer of 2001.
.H\ZRUGV2SWLFDOSURSHUWLHVRSWLFDO2FHDQR
graphy, derivative reflectance analysis, 
Caribbean Sea.
5HVXPHQ
En este trabajo se analizaron curvas de 
reflectancia espectral mediante el método 
de derivada. Los espectros de derivada de la 
UHÀHFWDQFLD UHYHODURQ SLFRV RFXOWRV WDQWR HQ
FXUYDV GH UHÀHFWDQFLD \ DEVRUFLyQ GHO DJXD
del Mar Caribe y de elementos contenidos en 
HOOD /DV FXUYDVGH UHÀHFWDQFLDPRVWUDURQXQ
predominio del color azul (400-500 nm), el cual 
HVFDUDFWHUtVWLFRGHDJXDVROLJRWUy¿FDVGHO&DULEH
ORVSLFRVGHDEVRUFLyQHVWiQLQÀXHQFLDGRVSRUODV
SURSLHGDGHVySWLFDVGHODFORUR¿ODa y el agua 
GHPDU/DVFXUYDVGH UHÀHFWDQFLDPRVWUDURQ
respuesta espectral similar. En este artículo se 
DQDOL]DURQORVHVSHFWURVGHUHÀHFWDQFLDGHODJXD
marina en 31 estaciones en el Mar Caribe en el 
verano de 2001.
Palabras clave: Propiedades ópticas, Ocea-
nografía óptica, análisis de derivada de la 
UHÀHFWDQFLD0DU&DULEH
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,QWURGXFWLRQ
6HD VXUIDFH UHÀHFWDQFH 5Ǌ LV RSHUDWLRQDOO\
GH¿QHGDVWKHUDWLREHWZHHQXSZHOOLQJLUUDGLDQFH
E
u
ƪDQGWKHGRZQZHOOLQJLUUDGLDQFHE
d
ƪ at 
ZDYHOHQJWKǊDWWKHVXUIDFHGHSWK= ) and is 
expressed as: 
 
R( ,0) = ( ,0)( ,0)λ
λ
λ
Ε
Ε
u
d  (1)
The parameter E
u
ƪ possesses information 
RQ WKH VHD ZDWHU DQG WKH GLVVROYHG DQG
SDUWLFXODWHPDWWHU FRQWDLQHGZLWKLQ LW ZKLOVW
E
d
ƪ stands for the total incoming irradiance. 
Changes of ocean colour are determined by the 
VSHFWUDOYDULDWLRQVRIWKHUHÀHFWDQFH5ƪ.
The operational expression of Equation (1) 
FDQEHUHODWHGWRSK\VLFDOSURSHUWLHVRIZDWHU
Many models of radiative transfer are useful 
IRU HVWDEOLVKLQJ D UHODWLRQVKLS EHWZHHQ5ƪ 
and the absorption (a) and backscattering (b
b
) 
FRHI¿FLHQWVHJ0RUHODQG3ULHXU*RUGRQ
DQG0RUHO%RWKFRHI¿FLHQWVDUHLQÀXHQFHG
E\WKHRSWLFDOFKDUDFWHULVWLFVRISXUHVHDZDWHU
and those of the particulate and dissolved 
substances present in variable amounts in the 
VHD7KXVUHÀHFWDQFHVSHFWUDDUHDFRQVHTXHQFH
of absorption and backscattering processes due 
WR ZDWHU w), phytoplankton (phyto), carbon 
dissolved organic matter or CDOM (y) and 
non-phytoplankton particles (x). Hence, any 
LQWHUSUHWDWLRQRIWKHUHÀHFWDQFHPXVWFRQVLGHU
the optical properties of these substances.
0RUHODQG3ULHXUSURSRVHGDVLPSOH
relationship for the reflectance of oceanic 
ZDWHUV
 R f b
a
b  (2)
Where f is a function of solar altitude and the 
scattering phase function (Gordon et al., 1988). 
Thus, f can take different values depending on 
the angle of measurement. Historically, it had 
the value of 0.33 at the zenith angle of incident 
OLJKW 0RUHO DQG 3ULHXU  .LUN 
KRZHYHU RWKHU DXWKRUV KDYH HVWLPDWHG WKH f 
value for different angle intervals (e. g. Hirata 
and Højerslev, 2008). Nonetheless, this equation 
LVRQO\YDOLGIRUZDWHUVZKHUHb
b
D, and it is 
DVVXPHG WKDW WKHFRHI¿FLHQWVDDQGb
b
 IROORZ
the principle of superposition (Sathyendranath 
and Morel 1983).
Experimental data and theory indicate 
that, under most conditions, values of b
b
ƪ 
are relatively small compared to values of Dƪ 
DQG GHFUHDVHPRQRWRQLFDOO\ ZLWK UHVSHFW WR
ZDYHOHQJWK*RUGRQDQG0RUHO
,Q RUGHU WR DQDO\]H UHÀHFWDQFH VSHFWUD D
number of techniques have been employed. 
Thus, ratios and differences have traditionally 
been used in ocean colour studies, although 
they are restricted to a small number of spectral 
bands.
1RZDGD\V WKH DGYHQW RI KLJKVSHFWUDO
UHVROXWLRQVHQVRUVUHTXLUHVWKHXVHRISRZHUIXO
analytical methods of study such as the 
derivative analysis. The derivative method 
undertakes many of the problems of quantitative 
analysis more effectively than ratios and 
differences by considering a larger amount 
RI GDWD ZKLFK VWDQGV IRUPRUH LQIRUPDWLRQ
potentially available (Jia et al., 2008). Derivative 
analysis has been applied to a different kind of 
spectra obtained by high spectral-resolution 
sensors (e. g., Evangelista et al., 2006). These 
VHQVRUVDUHFKDUDFWHULVHGE\KDYLQJDEDQGZLGWK
less than 5 nm and/or more than 100 spectral 
bands. Thus, high-spectral-resolution sensors 
can provide information about smaller spectral 
variations than coarse bands do. The derivative 
PHWKRG KDV EHHQ XVHG IRUPLQLPL]LQJ ORZ
frequency background noise and for resolving 
RYHUODSSLQJVSHFWUD%XWOHUDQG+RSNLQV
This method has successfully been applied in 
aquatic remote sensing for studying suspended 
VROLGV LQZDWHU &KHQet al., 1992, Goodin et 
al., 1993; Hunter et al., 2008) and detecting 
photosynthetic algal pigments (Aguirre-Gómez 
et al., 2001; Han, 2005), among other topics. 
In general, data provided by high-spectral-
resolution sensors mounted on an aircraft, on a 
VDWHOOLWHDQGRQD¿HOGVSHFWURUDGLRPHWHUFDQEH
XVHIXOIRUWHVWLQJQHZW\SHVRIDOJRULWKPVGHVLJQHG
WRDQDO\VHWKHUHÀHFWDQFHRIVHDZDWHU3DUWLFXODUO\
GDWD SURYLGHG E\ ¿HOG VSHFWURUDGLRPHWHUV DUH
important in remote sensing studies because 
they may simulate those obtained through 
sensors mounted on aircraft or satellites. 
Additionally, these measurements are essential 
IRUGHWHUPLQLQJWKHDWPRVSKHULFHIIHFWEHWZHHQ
the airborne or spaceborne remote sensor and 
the ground, instead of using models for removing 
DWPRVSKHULFLQÀXHQFHV3KLOSRW)LQDOO\
under certain circumstances, it could be better 
to use ship-based information because of higher 
FRQ¿GHQFHRILQVLWXUHODWHGGDWD
Consequently, the in situ optical properties, 
as calculated by equation (2), can be related to 
RFHDQFRORXUREVHUYDWLRQVWKURXJKUHÀHFWDQFH
information on the marine surface as measured 
by equation (1).
Geofísica Internacional
October - December 2014      
The aim of this study is to assess the potential 
of derivative analysis applied to high-spectral-
resolution ship-based spectroradiometer data 
for retrieving information about photosynthetic 
pigments. Due to the lack of simultaneous in situ 
measurements of pigments, satellite-derived 
FKORURSK\OOD FRQFHQWUDWLRQZDV HVWLPDWHG WR
YDOLGDWHWKHVSHFWUDOUHÀHFWDQFHFXUYHV
'HULYDWLYHUHÀHFWDQFHVSHFWUD
According to equation (2), the solar radiation 
reflected from the sea surface depends on 
absorption and backscattering processes. 
%RWK SURFHVVHV DUH GHSHQGHQW RQ WKHZDWHU
itself, phytoplankton, particulate and dissolved 
matter (Kirk, 2011). Thus, considering all of 
WKHVH FRPSRQHQWV WKH GHULYDWLYH UHÀHFWDQFH
spectra can be expressed as the rate of 
FKDQJHRIUHÀHFWDQFHZLWKZDYHOHQJWKG5Ǌ
GǊ 7KHUHIRUH E\ HVWLPDWLQJ WKH FRPSOHWH
differentiation of 5 5D
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ZKHUH WKH SDUWLDO GHULYDWLYHV DUH DQ LPSOLFLW
function of ƪ.
Assuming 5ƪȾE
b
ƪDƪ and by calculating 
the partial derivative for each component, and 
VXEVWLWXWLQJLQWKHHTXDWLRQZHJHW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This equation relates the slope of a 
directly measured reflectance spectrum at 
DQ\ZDYHOHQJWK WR HDFK RI WKH FRPSRQHQWV
Consequently, it is possible to iteratively 
calculate high-order derivatives. Thus, in 
principle, the presence of phytoplankton 
SLJPHQWVVXVSHQGHGDQGRUJDQLFPDWWHUZLWKLQ
WKHVHDZDWHUFDQEHHVWLPDWHGE\FRQVLGHULQJ
UHÀHFWDQFHVSHFWUXPFRPSRQHQWVDVPXWXDOO\
independent. 
6WXG\DUHD
The Caribbean Sea is the largest sea adjacent 
to the Atlantic Ocean. It has an upper mixed 
OD\HU RI DERXW PZKLFK TXLFNO\ UHVSRQGV
to atmospheric forcing. Circulation at this layer 
LVFRQWUROOHGE\WKH&DULEEHDQ&XUUHQWZKLFK
substantially contributes to heat advection 
from the tropic to mid-latitudes. The physical 
characteristics of the Caribbean Sea have been 
studied from various perspectives (e.g. Gordon, 
(WWHUet al..LQGHUet al., 1985; 
Müller-Karger et al., 1989). The Caribbean Sea 
is considered to be an oligotrophic area. This 
FDQEHVXSSRUWHG LQ WHUPVRI LWVHI¿FLHQF\RI
OLJKW XWLOLVDWLRQ $Q DUHDO HI¿FLHQF\ HA (ratio 
of areal photosynthetic rate to the total 
Photosynthetically Active Radiation), in a range 
RIZDVUHSRUWHGIRUWKH&DULEEHDQ
6HDZKLFKFDQEHLQWHUSUHWHGDVDUHODWLYHO\ORZ
DPRXQW RI SK\WRSODQNWRQZLWKLQ WKH HXSKRWLF
]RQH 0RUHO :KHQ WKH S\FQRFOLQH LV
deeper than about 100 m, the deep chlorophyll 
PD[LPXP LV H[WUHPHO\ ZHDN +RZHYHU WKH
OLWHUDWXUHFRQWDLQVIHZVWXGLHVRIWKHELRRSWLFDO
FKDUDFWHULVWLFV RI WKH DUHD PHDVXUHG ZLWK
spectral radiometers and apparently no reports 
RI LWV UHÀHFWDQFH SURSHUWLHV HJ &ODUN DQG
(ZLQJ)DUPHUet al., 1993). 
7KH UHÀHFWDQFH FKDUDFWHULVWLFV RI RFHDQLF
ZDWHUV KDYH EHHQ VWXGLHV E\ D QXPEHU RI
DXWKRUV HJ:LOVRQ DQG .LHIHU 0RUHO
et al., 1995). With the advent of high spectral 
UHVROXWLRQ VHQVRUV WKH DQDO\VLV RI UHÀHFWDQFH
SURSHUWLHVKDVEHHQVLJQL¿FDQWO\LPSURYHG
7KH%LGLUHFWLRQDO5HÀHFWDQFH)DFWRU%'5)
PHWKRG SURSRVHG E\0LOWRQ  KDV EHHQ
ZLGHO\XVHGRQODNHVDQGODJRRQVHJ'HNNHU
et al., 1991; Aguirre-Gómez, 2001) and on 
oceanic sites (e.g. Bidigare et al., 1989; Aguirre 
et al., 2001). One of the advantages of using 
high spectral resolution sensors is the potential 
for applying sophisticated algorithms, such as 
the derivative method, to nearly continuous 
FXUYHV 3DUWLFXODUO\ LW LV D SRZHUIXO WRRO IRU
detecting information concealed in spectral 
UHÀHFWDQFHFXUYHV7KXVWKHPDLQREMHFWLYHRI
WKLVVWXG\LVWRDQDO\]HWKHVSHFWUDOUHÀHFWDQFH
characteristics of the Caribbean Sea through the 
derivative method.
0DWHULDO$QG0HWKRGV
Hydrographical, meteorological and optical 
PHDVXUHPHQWV ZHUH SHUIRUPHG RYHU WKH
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Caribbean Sea during the oceanographic/
meteorological cruise ECAC-3, onboard the R/V 
Justo Sierra (Universidad Nacional Autónoma de 
México, UNAM) from July 6 to 26, 2001.
The cruise track had three phases: outbound 
leg, main survey, and inbound leg (Figure 1). 
The outbound leg (from Tuxpan to Yucatan 
FKDQQHO ZDV XVHG IRU WHVWLQJ DQG WUDLQLQJ
purposes. The cruise track for the main survey 
ZDVGHWHUPLQHGE\WXUQLQJSRLQWVWKDWGH¿QHG
the nine cruise legs (Table I). The inbound leg 
IURP <XFDWDQ &KDQQHO WR 7X[SDQZDV XVHG
for data processing and analysis, and database 
mergers.
2FHDQLF REVHUYDWLRQV ZHUH IRFXVHG
on CTD casts made four or more times 
daily for temperature, salinity, density and 
GLVVROYHGR[\JHQ'2GHSWKSUR¿OHV'D\WLPH
ÀXRUHVFHQFH DQG UHÀHFWDQFHPHDVXUHPHQWV
ZHUHFDUULHGRXWDWVDPSOLQJVWDWLRQVORFDWHG
along of six cruise legs covering great extension 
of the Caribbean Sea (Figure 2). Chlorophyll a 
FRQFHQWUDWLRQDWWKHVDPSOLQJVWDWLRQVZDV
estimated by simultaneous derived SeaWiFs 
information. 
5HÀHFWDQFH0HDVXUHPHQWV
5HÀHFWDQFHZDVPHDVXUHGE\WKH%'5)PHWKRG
6ZDLQ DQG 'DYLV  7KH %'5) FDQ EH
GH¿QHGDV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ZKHUHr
ti
LVWKHÀX[UHÀHFWHGE\DWDUJHWXQGHU
VSHFL¿HGFRQGLWLRQVRILUUDGLDWLRQDQGYLHZLQJ
r
ci
 LV WKHÀX[ UHÀHFWHGE\DSHUIHFWO\ GLIIXVH
completely reflecting Lambertian surface 
ZKLFK LV XVHG DV D UHIHUHQFH DQG k is the 
SDQHOFRUUHFWLRQ IDFWRUZKLFKGHSHQGVRQ WKH
DQJXODUFRQ¿JXUDWLRQDQGDFFRXQWVIRUWKHQRQ
/DPEHUWLDQVSHFWUDOUHÀHFWDQFHRIWKHSDQHO7R
measure r
ti
 the Spectroradiometer GER-1500 
ZDV SODFHG RYHU WKH VXQQ\ VLGH RI WKH VKLS
WRDYRLGWKHGLUHFWVKDGRZRIWKHVKLSZKLFK
may introduce an error of up to 30% (Gordon, 
1985). Values of rci ZHUHREWDLQHGE\FRPSDULVRQZLWKD6SHFWUDORQUHIHUHQFHSDQHO/DEVSKHUH
The panel is resistant and hydrophobic, 
FKDUDFWHULVWLFVWKDWUHQGHULWVXLWDEOHIRU¿HOG
based research (Schutt et al., 1981; Weidner 
DQG+VLD  7KH VHQVRUZDV SRVLWLRQHG
WRSURYLGHDQDGLUYLHZRI WKHZDWHUVXUIDFH
UHGXFLQJ WKXV WKHXQZDQWHG LUUDGLDQFHRI WKH
VSHFXODUO\UHÀHFWHGOLJKWZKLFKLVLQGHSHQGHQW
RIWKHRSWLFDOSURSHUWLHVRIWKHZDWHU6KLIULQ
7KLVFRQ¿JXUDWLRQJXDUDQWHHGWKDWOLJKW
backscattered from the sea and the elements 
SUHVHQWZLWKLQLWZRXOGEHWKHPDMRUFRQWULEXWRU
RIWKHVLJQDO5HÀHFWDQFHVSHFWUDZHUHREWDLQHG
E\ ¿UVW VFDQQLQJ WKHZDWHU VXUIDFH DQG WKHQ
sequentially measuring over the reference 
)LJXUH ECAC-3 cruise track from July 6 to 26, 2001.
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7DEOH Geographical positions of the nine transects sampled in the Caribbean Sea.
LEG INITIAL POSITION FINAL POSITION ELAPSED TIME
I 1: 1: -XO\WR-XO\
II 1: 1: -XO\WR-XO\
III 1: 1: -XO\WR-XO\
IV 1: 1: -XO\WR-XO\
V 1: 1: -XO\WR-XO\
VI 1: 1: 0230 July 18 to 1210 July 18
VII 1: 19.2N, 86.4W 1420 July 19 to 1640 July 21
VIII 19.2N, 86.5W 21.2N, 81.1W -XO\WR-XO\
IX 21.2N, 81.1W 21.6N, 85.6W -XO\WR-XO\
)LJXUHLocation of 31 daytime sampling sites.
SDQHO7KHVHREVHUYDWLRQVZHUHFDUULHGRXWZKLOH
WU\LQJWRNHHSWKHVDPHYLHZLQJJHRPHWU\E\
ORRNLQJDWQDGLULQERWKFDVHV+RZHYHUVLQFH
WKH FDOLEUDWLRQ SDQHOZDV RQERDUG WKH WDUJHW
DQG UHIHUHQFH REVHUYDWLRQV ZHUH SHUIRUPHG
DW GLIIHUHQW KHLJKWV 7KHQ ERWK VFDQV ZHUH
divided according to equation (5) and multiplied 
E\DFRUUHFWLRQIDFWRURIN IROORZLQJWKH
manufacturer’s instructions.
6SHFWURUDGLRPHWULF PHDVXUHPHQWV ZHUH
SHUIRUPHG EHWZHHQ  DQG  KUV IRU
suitable solar conditions of illumination, that is, 
DURXQGQDGLUYLHZDVVXJJHVWHGE\-HUORY
(1968). 
5HPRWH 6HQVLQJ UHÀHFWDQFH VSHFWUDZHUH
estimated through ad hoc formulas taken a 
)UHVQHOUHÀHFWDQFHǏ ZKLFKPLQLPL]HV
R. Aguirre
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the effects of Sun glint and non-uniform sky 
radiance, avoids instrument shading problems 
DQG LV UHOLDEOH IRU ZLQG VSHHGV OHVV WKDQ 
m s-1 (Mobley, 1999). Additionally, according 
to SeaWiFS protocol (Mueller and Austin, 
1995) and in order to remove residual surface 
UHÀHFWDQFHGXHWRZDYHIDFHWVWKHVSHFWUDZHUH
corrected for sun/sky glint error by subtracting 
WKHUHÀHFWDQFHPHDVXUHGDWQPIURPHDFK
spectrum. 
'HULYDWLYH6SHFWUDO$QDO\VLV
Atmospheric effects such as sky radiance, 
Rayleigh scattering, ozone absorption and Mie 
RU DHURVRO VFDWWHULQJ DUH XQZDQWHG VLJQDOV
in marine optics and in ocean colour studies 
6WXUP *RUGRQ  7KHVH HIIHFWV
must be considered in studies using remote 
VHQVLQJ UHÀHFWDQFH DQG KDYH WR EH UHGXFHG
if not eliminated. Atmospheric normalization 
DOJRULWKPVFDQEHXVHGZKHQDQDO\VLQJGDWDIRU
ZKLFKWKHUHDUHQRVLPXOWDQHRXVDWPRVSKHULF
measurements. The derivative method is a 
NLQG RI DOJRULWKPZKLFKPDNHV LQVHQVLWLYH WR
atmospheric effects some spectral features of 
the target. Generally, atmospheric normalization 
algorithms serve to parameterize the spectral 
shape (slope, curvature, etc) of the remote 
observations in an attempt to relate them to 
LQYDULDQWVSHFWUD3KLOSRW*UHZ
developed a simple empirical algorithm for 
estimating oceanic chlorophyll from Multichannel 
Ocean Color Sensor (MOCS) data, the so-called 
³LQÀHFWLRQUDWLRDOJRULWKP ´7KLVDOJRULWKPLVD
linear difference operator acting as a high pass 
¿OWHU7KXVOLQHDUYDULDWLRQVLQƪ are completely 
removed and high order variations are reduced 
WR D FRQVWDQW +HQFH WKH ¿OWHULQJ TXDOLW\ RI
GHULYDWLYHV WRJHWKHUZLWK LV OLQHDU SURSHUWLHV
account for its sensitivity to chlorophyll and 
its capabilities for eliminating unrelated effects 
such as the atmospheric ones. In this study a 
IRXUWKGHULYDWLYH¿OWHUZDVDSSOLHGWRUHÀHFWDQFH
spectra for locating and identifying ubiquitous 
peaks concealed in the spectral curves. Since 
differentiation tends to magnify effects of high-
frequency noise in the spectra, a polynomial 
¿WVPRRWKLQJ¿OWHUZDVDSSOLHGRYHUWKHGDWD
prior to calculation of the derivatives. Smoothed 
DQG GHULYDWLYH VSHFWUD ZHUH REWDLQHG ZLWK
3HDN)LW SURJUDP $,61 VRIWZDUH  7KLV
program applies a convolution among the 
UHÀHFWDQFH VSHFWUD DQG ORZ DQG KLJK SDVV
¿OWHUVVPRRWKLQJDQGIRXUWKGHULYDWLYH¿OWHUV
respectively).
Particularly, the fourth derivative detects the 
presence of both maxima and minima peaks 
WKDWFRUUHVSRQGWRUHÀHFWDQFHDQGDEVRUSWLRQ
regions, respectively, due to optical properties 
RI VHDZDWHU DQG HOHPHQWV FRQWDLQHG ZLWKLQ
LW ,QWHUSUHWDWLRQ RI SHDNVZDV EDVHG RQ WKH
physical and biological spectral properties of 
these constituents.
6HDZLIV'DWD
6HD:L)6 GDWD ZHUH XWLOLVHG IRU DVVRFLDWLQJ
UHÀHFWDQFHDQGDEVRUSWLRQSHDNVWRFKORURSK\OO
aFRQFHQWUDWLRQ'DLO\LPDJHVZHUHQRWDYDLODEOH
due to cloud coverage in some of them, thus a 
set of existing of SeaWiFS imagery during the 
PRQWKZDVXVHGIRUHVWLPDWLQJWKHFKORURSK\OO
a concentration ([Chl-a]) at each sampling 
VWDWLRQ$PRQWKO\DYHUDJHGLPDJHZLWKDSL[HO
of 1 km2ZDVREWDLQHG)URPWKLV>&KOD@ZDV
estimated by using the empirical algorithm OC4 
(O’Reilly et al., 1998; O’Reilly et al., 2000). 
,QROLJRWURSKLFZDWHUVWKH>&KOD@DQGLWVFR
varying derived products are considered to be 
WKHPDLQFRQWULEXWRUVWRWKHZDWHUUHÀHFWDQFH$
VLPSOHUHODWLRQVKLSZLWKDVLJPRLGVKDSHOLQNV
WKHORJWUDQVIRUPHGUHÀHFWDQFHUDWLRVRUUHPRWH
VHQVLQJ UHÀHFWDQFH 5rs) to [Chl-a]. The OC4 DOJRULWKPXVHVDVLQJOHVHWRIFRHI¿FLHQWVDSSOLHG
to the blue-green ratio RBGZKLFKLVGHWHUPLQHG
by the maximum band ratio approach.
Thus, for R equal to log

(R
BG
:
     OC Chl R Ra4 10 0 366 3 067 1 93
2
_ . . .= − +(
                R R2 649 1 532
3 4
. .− − )−0 0414.
6HD:L)6VDWHOOLWHGDWDZHUHSURFHVVHGZLWK
SeaDAS version 6.1. OC4 formulations and 
FRHI¿FLHQWVFDQEHREWDLQHGIURP6HD'$6
documentation.
5HVXOWV$QG'LVFXVVLRQ
Meteorological conditions, measured on board 
GXULQJWKHFUXLVHZHUHUDWKHUVWDEOHH[FHSWIRU
WZRGD\VRIDGYHUVHZHDWKHUDWPLG-XO\7DEOH
II). Mean values of the parameters indicate 
WKHVWDELOLW\RIZHDWKHUFRQGLWLRQV7KXVZLQG
vectors had a mean magnitude of 6.24(3.01) 
m s-1 at 138.42(64.04) degrees. Variability of 
WKHRWKHUPHWHRURORJLFDOSDUDPHWHUVZDVOHVV
Mean Relative humidity 80.48% (4.13); mean 
EDURPHWULFSUHVVXUHPEDQGDLU
temperature 29.16 (0.85) (°C).
The spectral response of the Caribbean 
Sea is rather homogeneous. Most spectra 
SUR¿OHV KDG D VLPLODU WUHQGZLWK D UHODWLYHO\
KLJKUHÀHFWDQFHEHWZHHQDQGDWWKH
blue end (400-500 nm), except for three cases 
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VKRZLQJ KLJKHU YDOXHV DQ DEUXSW GRZQZDUG
VORSHVWDUWLQJDWDURXQGQPGXHWRZDWHU
DEVRUSWLRQDQGORZHUYDOXHVDWWKHUHGHQGRI
the spectra (Figure 3). All spectra are modulated 
E\WKHRSWLFDOSURSHUWLHVRIRFHDQLFZDWHUDQG
DWDOHVVHUH[WHQWE\SK\WRSODQNWRQZKLFKLV
characteristic of oligotrophic conditions. These 
characteristics account for the typical blue 
FRORUDWLRQRI&DULEEHDQZDWHUV
The derivative analysis provides a more 
DFFXUDWHORFDWLRQRIDEVRUSWLRQDQGUHÀHFWDQFH
peaks. They slightly differ from analysis 
SHUIRUPHG ZLWK FRQYHQWLRQDO PHWKRGV 7KH
derivative method precisely locates and the 
actual inflexion points and, consequently, 
LGHQWL¿HVDEVRUSWLRQRUUHÀHFWLRQSHDNV7KXV
DIRXUWKGHULYDWLYH¿OWHUZDVWKHQDSSOLHGWRDOO
VSHFWUD LQ RUGHU WR GHWHFW KLGGHQ UHÀHFWDQFH
DQGDEVRUSWLRQSHDNV(DFKUHÀHFWDQFHVSHFWUD
VKRZHGVLPLODUUHÀHFWDQFHDQGDEVRUSWLRQSHDNV
as maxima and minima values, respectively. 
Hence, instead of having the theoretical blue 
absorption peak of chlorophyll around 440 nm, 
ZLWKWKHGHULYDWLYHDQDO\VLVWKLVSHDNLVIRXQG
DURXQGQP$VWDWLVWLFDODQDO\VLVRIDOOWKH
SHDNVIRXQGWKURXJKWKLVPHWKRGZDVSHUIRUPHG
IRU WKH UHÀHFWDQFH FXUYHV RI HYHU\ VDPSOLQJ
VLWH&RQVHTXHQWO\DPHDQYDOXHRIWKHPZDV
FRQVLGHUHGLQWKHIROORZLQJGHULYDWLYHDQDO\VLV
7DEOH ,9:KHQDOO UHÀHFWDQFHVSHFWUDZHUH
QRUPDOLVHGDWPHDQYDOXHRIWKHIRXUWK
GHULYDWLYHPD[LPDZKLFKFRUUHVSRQGVWRWKH
absorption peak of chlorophyll a in the blue 
region, the differences and similarities among 
the spectra could be assessed (Figure 4). Major 
GLIIHUHQFHVDUHDSSDUHQWEHWZHHQDQG
QP EOXHZKLOVW VLPLODULWLHV RFFXUPDLQO\ LQ
the 450 - 500 nm region (green). From 500 nm 
RQZDUGVDOOVSHFWUDKDYHWKHVDPHWUHQGZLWK
VOLJKWYDULDWLRQVEHWZHHQDQGQP
+RZHYHULWKDVEHHQUHSRUWHGWKHSUHVHQFH
also of cyanobacteria and green algae groups 
(Bidigare et al., 1993). Mean absorption peaks 
DW  DQG  QP DUH GXH WR SXUH
VHDZDWHU7KHUHLVHYLGHQFHWKDWOLJKWDEVRUSWLRQ
E\ SXUH ZDWHU GHSHQGV RQ LWV WHPSHUDWXUH
being apparent in absorption bands around 
600 and 660 nm at 21°C (Pegau and Zaneveld, 
1993). It has been found that the absorption 
PD[LPXPVKLIWVWRZDUGVORZHUZDYHOHQJWKVDW
increasing temperature (Hakvoort, 1994). This 
may account for the slight difference found 
EHWZHHQ WKH WZR VHWV RI GDWD VLQFH WKH VHD
VXUIDFHWHPSHUDWXUHRI&DULEEHDQZDWHUVZDV
around 29°C during the sampling.
)LJXUH5HÀHFWDQFHSUR¿OHVRIGD\WLPHVDPSOLQJVWDWLRQV
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63 /HJ Lat /RQ :G :U 5+ $7 %3 >&KOa] 7LPH Date
 I 20:21  199 6.32  28.5 1012  08:58 
004 I 20.16 85.22 134 4.42  29.4 1012 0.060 12:45 
005 I 20.10  125   29.4 1011  14.20 
 I 19.29 83.10 155 8.33  29.0 1013 0.098 08:15 
 I 19.22 82.53 155 5.40  29.2 1014 0.094 10.52 
 I  82.38  3.44  29.3 1013 0.082 13.10 
 I  80.26 339 10.84 82 28.5 1013 0.101 09:15 
 I 18.21 80.11  6.48 82 28.9 1013 0.108 13:25 
 I 18.16  101 2.98 81  1012 0.105 13:25 
 II   120   28.4 1010 0.158 09:20 
 II 16.44  083 5.25  28.3 1009 0.101 13.30 
 II  80.24  6.68 84 28.1 1009 0.116 09:15 
 II 15.00 80.40 062 6.94 84 28.1 1009 0.112 12:40 
048 III 14.44    84 28.2 1008 XXX 15:00 
055 III 13.06  195 3.91  28.3 1010 0.116 08:16 
 III 13.00  130 6.01  28.3 1010 0.120 10:00 
 IV 13.15  333   28.3 1010 0.105 12:10 
058 IV 13.29  125 6.06  28.4 1009 0.153 14:30 
 V 14.15  154 12.39 84 28.8 1010 XXX 10:00 
 V 14.01  159 11.51 84 28.9 1009 XXX 11:50 
 V 13.46  103 11.41 82 29.3 1008 XXX  
 VI 15.44 80.38 139 12.13  29.5 1010 0.109 09:40 
 VI 16.00 80.41 106 8.02 81 29.6 1011 0.116 11:15 
 VI 16.15 80.49 125 8.02 82 29.8 1010 0.105 13:30 
 VI 16.22 80.53 093 5.96 81 30.0 1010 0.156 14:30 
088 VI  83.23 015 4.21 80 29.9 1012 0.105 09:30 
 VI   083 2.98 81 29.9 1012 0.116  
 VI  83.52  2.36  30.2 1012 0.105 13:34 
 VI  84.06  2.42  31.0 1010 0.138 15:39 
 VI 19.02 86.08 128   31.1 1010 0.108 08:30 
 VI 19.09 86.20 128 2.11  30.6 1010 0.098 09:55 
7DEOH Meteorological and biological parameters measured on board the RV Justo Sierra. S. P. 
(Sampling point); L (Cruise leg); Lat, (Latitude: °N); Lon, (Longitude: °W); W(d), Wind direction (°); 
W(r), Wind speed, (m s-1); R. H., relative humidity (%); A.T., Air Temperature, (°C); B. P., barometric 
pressure, (mb); Chlorophyll concentration [Chl-a] (mg m-3 WLPH RI UHÀHFWDQFHPHDVXUHPHQWV
(hh:min); date (ddmmyy). 
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:' :U 5+ $7 %3 >&KOD@
μ 138.42 6.24 80.48 29.16  
ı 64.04 3.01 4.13 0.85 1.59 0.023
PLQ 15 2.11  28.1 1008 0.06
PD[ 339 12.39  31.1 1014 0.158
9& 46.26 48.23 5.13 2.91 0.16 21.16
6( 11.50 0.54  0.15 0.29 0.0045
36( 8.30 8.66 0.92 0.52 0.02 
7DEOH'HVFULSWLYHVWDWLVWLFVPHDQıVWDQGDUGGHYLDWLRQPLQPLQLPXPYDOXHPD[PD[LPXP
YDOXH9&9DULDWLRQ&RHI¿FLHQW6(6WDQGDUGHUURU36(3HUFHQWXDO6WDQGDUGHUURU:G:LQG
direction (°); W(r), Wind speed, (m s-1); R. H., relative humidity (%); A.T., Air Temperature, (°C); 
B. P., barometric pressure, (mb); [Chl-a] Chlorophyll concentration (mg m-3)
)LJXUH5HÀHFWDQFHVSHFWUD
QRUPDOL]HG DW  QP
corresponding to the region 
of maximum chlorophyll a 
absorption. 
$ W\SLFDO UHIOHFWDQFH VSHFWUXP ZLWK LWV
FRUUHVSRQGHQW GHULYDWLYH SHDNV LV VKRZQ LQ
Figure 5. Peaks found through the derivative 
PHWKRG FDQ EH DVVRFLDWHG ZLWK WKH RSWLFDO
SURSHUWLHV RI VHDZDWHU 0HDQ UHIOHFWDQFH
peaks at 415.04 and 480.31 nm stands for the 
GRPLQDQWFRORXURIWKHZDWHUZKLFKZDVPRVWO\
bluish over the entire zone. The peak at 685.82 
nm is mainly due to the sum of irradiances 
SURGXFHGWKURXJKQDWXUDOÀXRUHVFHQFHHPLVVLRQ
by chlorophyll a and elastic scattering (Kirk, 
7KHPHDQ UHÀHFWDQFHSHDNDW
nm has a physical explanation rather than a 
biological one because this peak marks the 
VWDUWLQJSRLQWRIWKHVWURQJZDWHUDEVRUSWLRQ
ZKLFK UHDFKHV DPD[LPXP DURXQG  QP
(Buiteveld et al, 1994).
On the other hand, absorption peaks found 
by the derivative process can be essentially 
related to optical properties of pigments and 
VHDZDWHU3Up]HOLQDQG%yF]DU$JXLUUHHW
DO7KXVWKHSHDNDWQPLVGXH
to chlorophyll a absorption in the blue region. 
A carotenoid absorption peak at 513.01 nm can 
presumably be attributed to fucoxanthin-like 
SLJPHQWV RI EURZQ DOJDH ZKLFK DUH DPRQJ
the dominant groups in the zone (Taylor, 1959; 
Müller-Karger et al, 1989; Bidigare et al, 1993). 
Satellite-estimated [Chl-a] at each sampling 
VWDWLRQ LV VKRZQ LQ 7DEOH ,, DQGKDGDPHDQ
value of 0.109 (0.023) mg m-3 (Table III). Values 
REWDLQHG DUH W\SLFDO RI ROLJRWURSKLF ZDWHUV
mainly at the northern sampling stations (3, 
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S.P. 5 5 5 R4 R5 $ $ $ $
 414.92  544.94  696.50 446.06 512.01 605.35 666.41
004 418.18 480.66 544.94   449.35 513.66 595.60 652.05
005 414.92 482.31 546.58 636.02 698.08  512.01 602.11 668.30
 411.65  546.58 631.19 688.61  512.01 600.48 660.03
 416.55 480.66 544.94   449.30 512.01  653.65
 419.82 480.66 544.94 621.52  449.35 512.01 592.36 
 411.65 480.66 546.58 634.41  446.06 512.01 598.86 664.81
 413.29  544.94  683.86 446.06 512.01 595.61 653.65
 418.80 480.66 544.94 626.36   513.66 595.60 652.05
  480.66 546.58 634.41   512.01 592.36 659.59
 419.82  543.29 640.83   512.01  663.22
 414.92  548.22 632.80 690.19  513.66 598.86 663.22
 418.18 480.66 544.94 634.40   513.66  660.03
048 411.65 480.66 548.22 632.80 694.92  513.66 600.48 661.63
055 414.92 480.66 558.06 631.19  449.35 515.31 600.48 660.03
 413.29 482.31 546.58    512.01  652.05
 419.82 480.66 541.65 645.64  449.35 512.01 558.06 
058 413.29 480.66 546.58    512.01 595.61 652.05
 411.65 480.66 548.22 632.80  449.35 513.66  663.22
 408.40 482.31  642.44 696.50 452.64 515.31  
 414.92 480.66 546.58 629.58   513.66 600.48 656.84
 414.92 480.66 551.30 632.80 688.81  513.66 600.48 663.22
 414.92 482.31 546.58 619.91  449.35 515.31 592.36 645.64
 416.55 480.66 544.94 629.58 682.28  513.66 602.11 655.24
 410.02 480.66 546.58 623.14  449.35 513.66  645.64
 418.18 480.66 544.94  682.28  512.01 600.48 655.24
 414.92  544.94 632.80 693.35 449.35 512.01 602.11 661.63
 413.29  546.48 632.80 694.92  512.01 600.48 664.81
 418.18 480.66 544.94 626.36   513.66 600.48 652.05
 421.45  548.22 644.04 694.92  513.66 600.48 
 414.92  546.58 631.19 685.45  513.66 600.48 660.03
 418.18 480.66 546.58 639.23 694.92 446.06 513.66 611.83 669.59
 413.29 482.31 546.58 632.80   512.01 602.11 663.22
P 415.04 480.31 546.92 631.90 685.82  513.01  659.02
V 03.43 1.54 3.51 6.09 8.19 1.60 1.09  
7DEOH5HÀHFWLRQ5i) and Absorption (Ai) peaks found through derivative analysis.
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DQGWKHUHPDLQLQJVLWHVVKRZHG
DVOLJKWLQFUHPHQWRI>&KOD@EHWZHHQ±
0.158 mg m-3 but still in the oligotrophic interval, 
according to the CZCS-NASA climatological 
monthly maps (Feldman et al., 1989) as seen in 
7DEOH,,DQG)LJXUH5HJLRQVZLWKWKHKLJKHVW
>&KOD@ YDOXHV ZHUH IRXQG FORVH WR -DPDLFD
LVODQGVLWHVDQGQHDU+RQGXUDV
VLWHVDQG
Moreover, applying OC4 algorithm to SeaDAS 
data tends to over-estimates the chlorophyll 
concentrations in relatively chlorophyll-poor 
ZDWHUVZKHUHWKHUHODWLYHSDUWRIWKHVXVSHQGHG
matter and the CDOM in the optical properties 
RIZDWHU LV KLJK )RU VXFKZDWHUV EHQH¿W LQ
accuracy by using one algorithm or the other 
VHHPV QHJOLJLEOH FRPSDUHG ZLWK WKH ELDVHV
DQGWKHQRLVHV+RZHYHUZHKDYHFKRVHQWKH
OC4 band ratio as it is recommended in the 
OLWHUDWXUHIRUDODUJHUYDULHW\RIZDWHUVLQFOXGLQJ
FKORURSK\OOULFKZDWHUV
&RQFOXVLRQV
5HÀHFWDQFHFKDUDFWHULVWLFVRIWKH&DULEEHDQ6HD
ZHUHDQDO\VHGZLWKDKLJKVSHFWUDOUHVROXWLRQ
UDGLRPHWHU5HÀHFWDQFHVSHFWUDVKRZDW\SLFDO
FRORUDWLRQ RI WURSLFDO ZDWHUV ZLWK PD[LPD
at the blue region of the electromagnetic 
spectrum. This response is mainly due to 
the oligotrophic characteristics of the zone, 
ZLWK D GHHS FKORURSK\OOPD[LPXP DW DURXQG
P7KHSUHVHQFHRIFKORURSK\OOa can be 
HVWDEOLVKHGE\WZRZD\VDYLDÀXRUHVFHQFH
E\ REVHUYLQJ WKH VSHFWUDO EHKDYLRXU ZKLFK
KDV DQ DEVRUSWLRQ SHDN DW  QP EOXH
DEVRUSWLRQDQGDUHÀHFWDQFHSHDNDWQP
ÀXRUHVFHQFHHPLVVLRQEYLDVDWHOOLWHGHULYHG
LQIRUPDWLRQ6DWHOOLWHLQIRUPDWLRQFRQ¿UPVERWK
the homogenous distribution of [Chl-a] and the 
oligotrophic condition of the Caribbean Sea. 
5HÀHFWDQFH SUR¿OHV DUHPDUNHGO\ LQÀXHQFHG
E\VHDZDWHUVSHFWUDOSURSHUWLHV IURPQP
RQZDUGV +HQFH HYHQ WKRXJK WKH &DULEEHDQ
Sea is oligotrophic, the derivative analysis 
detects the presence of algae in an amount 
VXI¿FLHQWWRJHQHUDWHDUHODWLYHO\VWURQJVLJQDO
ZLWKLQUHÀHFWDQFHVSHFWUDDQGVDWHOOLWHLPDJHU\
Additionally, it can be concluded that most 
&DULEEHDQ 6HD ZDWHUV VKRZ VLPLODU RSWLFDO
characteristics in open ocean, being higher 
close to Jamaica and Honduras. This paper 
contributes to a better understanding of the 
optical characteristics of the Caribbean Sea.
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